Abstract Phakopsora pachyrhizi, the cause of soybean rust, is an economically important pathogen of soybean in South America. Understanding the pathogenicity of indigenous fungal populations is useful for identifying resistant plant genotypes and targeting effective cultivars against certain populations. Fifty-nine rust populations from Argentina, Brazil, and Paraguay were evaluated for pathogenicity in three cropping seasons, 2007/2008-2009/ 2010, using 16 soybean differentials. Only two pairs of P. pachyrhizi populations displayed identical pathogenicity profiles, indicating substantial pathogenic variation in the rust populations. Comparative analysis of 59 South American and five Japanese samples revealed that pathogenic differences were not only detected within South America but also distinct between the P. pachyrhizi populations from South America and Japan. In addition, seasonal changes in rust pathogenicity were detected during the sampling period. The differentials containing resistance genes (Rpp: resistance to P. pachyrhizi) Rpp1, Rpp2, Rpp3, and Rpp4, except for Plant Introduction (PI) 587880A, displayed a resistant reaction to only 1.8-14, 24-28, 22, and 36 % of South American P. pachyrhizi populations, respectively. In contrast, PI 587880A (Rpp1), Shiranui (Rpp5), and 3 Rpp-unknown differentials (PI 587855, PI 587905, and PI 594767A) showed a resistant reaction to 78-96 % of all populations. This study demonstrated that P. pachyrhizi populations from South America vary geographically and temporally in pathogenicity and that the known Rpp genes other than Rpp1 in PI 587880A and Rpp5 have been less effective against recent pathogen populations in the countries studied.
Introduction
Newly appearing pathogens often cause tremendous yield losses in their target crops and become an economic threat in agriculture. Soybean [Glycine max (L.) Merrill] is an economically important crop and is a valuable source of oil and protein worldwide as well as of food products traditional to the Orient. South American countries are the largest soybean producers in the world (FAOSTAT 2008) , with production centered in Brazil, Argentina, and Paraguay. Since the first outbreak of soybean rust, caused by Phakopsora pachyrhizi Sydow & P. Sydow, in Paraguay and Brazil in 2001 and in Argentina in 2003 (Ivancovich 2005; Yorinori et al. 2005) , it has been one of the most serious foliar diseases in South America. In 2004, soybean rust reached the United States (Schneider et al. 2005) , and movement of the pathogen from South America to North America was believed to be facilitated by Hurricane Ivan (Isard et al. 2005) . Approximately 90 % of total world soybean production is from North and South America. The common occurrence of the disease in South America and the possible long-distance transmissibility of the urediniospores (Isard et al. 2005 ) enable the fungus to inflict large losses in soybean yield and economic damage to soybean-related industries in North and South American countries. Currently, soybean rust is of great concern not only in North and South America but also around the world.
Planting soybean-rust-resistant varieties, one of the currently adopted strategies for disease management, is more economical and environmentally friendly than chemical control. Five major resistance loci (Rpp: resistance to P. pachyrhizi), named Rpp1 to Rpp5, confer resistance to specific isolates of P. pachyrhizi (Garcia et al. 2008) . Recently, a new Rpp locus that provides resistance to P. pachyrhizi isolates from both Paraguay and the United States has been identified as Rpp6 (Li et al. 2012 ). These Rpp genes are known to condition resistance to specific P. pachyrhizi isolates Miles et al. 2011) . Two types of resistant reactions in soybean have been reported: one is an immune reaction that produces no visible symptoms, and the other produces reddish-brown (RB) lesions (Bromfield 1984) . The RB lesions accompany the formation of uredinia and urediniospores, thus the resistance is incomplete (Miles et al. 2011 ). In contrast, a compatible interaction between soybean and P. pachyrhizi results in tan-colored (TAN) lesions with more uredinia and higher sporulation than in interactions with RB lesions.
Resistance conferred by a single dominant gene has usually not been durable because of its specificity against a limited number of pathogenic strains (races). Rpp genes in the soybean-P. pachyrhizi interaction are no exception; breakdown of resistance in the cultivars harboring an Rpp gene has been reported to occur several years after field release of these cultivars (Bromfield 1984; Hartman et al. 2005; Yeh 1983 ). In Brazil, four Rpp genes, Rpp1-Rpp4, were effective against the disease in 2001 when the rust first appeared, but the Rpp1-and Rpp3-conferred resistances have been defeated by the pathogen within a few years (Yorinori 2008) . This short-term durability of Rpp resistance genes may reflect pathogenic variability and the development of new pathogenic strains (races) in field populations of P. pachyrhizi.
Physiological races of P. pachyrhizi were determined using a specific set of differential plants, mainly of Glycine spp. Pathogenic variation in P. pachyrhizi has been reported in several countries since the first description of races in Taiwan (Lin 1966) . In Japan, where the disease has been common for 100 years, 18 races were identified in 45 rust isolates from soybean, Pueraria lobata, and Glycine soja (Yamaoka et al. 2002) . In Nigeria, a country with relatively little experience of the epidemic, classified 116 P. pachyrhizi isolates into seven pathotype clusters displaying considerable differences in the P. pachyrhizi pathotype composition. In a more recent collection of the United States isolates, three pathotypes and six aggressiveness groups were found (Twizeyimana and Hartman 2012) . Comparison of pathogenicity in isolates representing different geographical and temporal origins revealed that newer P. pachyrhizi isolates collected in Africa and South America in 2001 were more virulent than older ones collected in Asia and Australia in the 1970s (Bonde et al. 2006) . A distinct difference in pathogenicity was found between Brazilian and Japanese P. pachyrhizi, in which Brazilian rust populations were more virulent than the Japanese one (Yamanaka et al. 2010) . Such knowledge of the pathogenic variation of the fungus is necessary for finding useful genetic sources to reduce disease and for developing rust-resistant soybean cultivars for specific regions.
Pathogenicity or virulence typing has been performed in only a limited number of P. pachyrhizi samples from Brazil and Paraguay (Bonde et al. 2006; Kato and Yorinori 2008; Miles et al. 2011; Pham et al. 2009; Yamanaka et al. 2010; Yorinori 2008) . Because the currently available data about P. pachyrhizi pathogenicity and/or virulence are based on different evaluation methods, little is known about the differentiation in pathogenicity of this fungus in South America. This study represents the first elucidation of pathogenic variation in P. pachyrhizi from Argentina, Brazil, and Paraguay, using an evaluation method and index modified from Yamanaka et al. (2010) . The objective of this study was to investigate geographical and seasonal variation in pathogenicity of P. pachyrhizi infecting soybean in the three South American countries.
Materials and methods

Soybean rust sampling
Soybean rust populations were collected in Argentina, Brazil, and Paraguay in the cropping seasons of 2007/2008, 2008/2009, and 2009/2010 ( Fig. 1; Table 1 ). Sixteen rust populations were collected from 12 locations in Argentina: Buenos Aires, Santa Fé, and Entre Rios provinces in the Pampa region, Misiones, Formosa, and Chaco provinces in the Northeast region, and Santiago del Estero, Tucumán, Salta, and Jujuy provinces in the Northwest region ( Fig. 1a ; Table 1 ). Twenty-four soybean rust populations including BRP-1 and BRP-2 (Yamanaka et al. 2010) Yamanaka et al. 2010) . Urediniospores formed on the sampled leaves were harvested with a paintbrush or a vacuum-type collector and transferred to 2 mL of cryogenic tubes (Greiner Bio-One, Frickenhausen, Germany). The cryogenic tubes with caps opened were placed into a desiccator containing silica gel. After 1 day, these tubes were stored in a -80°C ultra freezer or liquid nitrogen.
Inoculation and data collection
Sixteen soybean differentials (Table 2) were inoculated with a urediniospore suspension (5 9 10 4 spores/mL) of P. pachyrhizi using a paintbrush or glass atomizer. The urediniospore suspension and differential plants were prepared according to Yamanaka et al. (2010) .
Two weeks after inoculation, lesion appearance [presence (?) or absence (-) of lesions] and sporulation level (SL) on the differential set were determined macroscopically. The SL was rated using a 0-3 scale: 0, none; 1, little; 2, moderate; and 3, abundant (Fig. 2 ). This rating scale is similar to that for microscopic evaluation of SL reported by Yamanaka et al. (2010) . Infection of the highly susceptible BRS 154 (differential 14; Table 2 ) with most of the rust samples resulted in the highest level of sporulation (SL = 3; Fig. 2 ). A few soybean leaves for each differential were detached from the inoculated plants, and the number of uredinia per lesion (NoU) in 30 lesions on the abaxial side of leaves of each differential was counted using a stereomicroscope. Data for the three variables, (1) presence (?) or absence (-) of lesions, (2) SL, and (3) NoU, were collected for all rust populations and converted into infection types caused by the rust populations (Table 3) . Infection types without lesions (immune) and with lesions with SL 0 or 1 and NoU \1.5 were classified as resistant (R); those with lesions with SL 2 or 3 and NoU C1.5 were classified as susceptible (S). When lesions with SL 2 or 3 and NoU \1.5 or SL 0 or 1 and NoU C1.5 were observed, the infection types were classified as intermediate (IM).
Cluster analysis
The R, IM, and S infection types were coded as 0, 1, and 2, respectively. Distance matrices were prepared by calculating the Euclidean distance between samples using R software version 2.13.0 (R Development Core Team 2011), and the resulting matrices were input into a hierarchical clustering function of the software. Dendrograms based on the minimum variance (Ward's) method were also constructed with R. An R package, pvclust, was run to assess uncertainty in the hierarchical cluster analysis, which calculates probability values (p values) for each cluster using bootstrap resampling techniques (Suzuki and Shimodaira 2006) .
Results
Pathogenic variation in rust populations from the three South American countries
The infection types of 16 Argentinean, 24 Brazilian, and 19 Paraguayan populations on the 16 differentials are shown in Tables 4, 5 , and 6, respectively. Phakopsora pachyrhizi populations from Argentina were highly virulent to the Rpp-carrying differentials except for differentials 7 and 10. For example, three populations (AP2-3, AW10-3, and AW11-3) caused a susceptible reaction in the Rpp1-Rpp4-carrying differentials 1-6, and 11. AP2-2, AE7-1, and AE8-1 caused a susceptible reaction in not only the Rpp1-Rpp3-carrying differentials 1-5 but also the Rpp5-carrying differential 7. Population AW9-3 displayed a distinctive pathogenicity profile with resistant and susceptible reaction in differentials 2 and 10, respectively. Of the 24 Brazilian populations, BS2-2 was the most virulent on all 16 differentials, causing a resistant reaction only in differential 7 with Rpp5. Eight populations (BS2-2, BS2-3, BS3-1, BRP-2, BC5-1(2), BC7-1, BC10-1, and BC11-1) never produced a resistant reaction in any of the Rpp1-Rpp4-carrying differentials except for differential 10. Only 3, 5, and 4 populations from the South region of the country (BS1, BS2, and BS3) caused a susceptible reaction in differentials 9, 10, and 12, respectively, and no Brazilian populations caused a susceptible reaction in differential 13. In Compared with P. pachyrhizi populations from South America, five rust samples from Japan were not highly virulent to the differentials, especially to the Rpp-carrying differentials (Table 4) . E1-4 and N2-1 caused a resistant reaction in all nine differentials with five Rpp loci, while JRP, T1-2, and N1-1 caused a resistant reaction in the Rppcarrying differentials except for differentials 3 and 4 with Rpp2 and differential 11 with Rpp1.
Cluster analysis yielded a dendrogram based on the pathogenicity of the 64 samples from South America and Japan (Fig. 3) . Of the 59 South American populations analyzed, only two pairs of populations yielded identical pathogenicity profiles in the 16 differentials: BE4-2 and PA5-3 from Brazil and Paraguay, respectively, and PC1-1 and PA9-1 from Paraguay. Identical pathogenicity profiles in the differentials were also found among AP2-3 and AW10-3 from Argentina and PI15-1 from Paraguay, although rust reactions in only 14 differentials were available for the comparison. There were no combinations of Argentinean and Brazilian populations having an identical pathogenicity profile in the 59 populations. Some combinations of the rust populations with different country origins displayed similar pathogenicity profiles with a single response difference among the differentials, for example AW10-3 and BC7-1, AW11-3 and PI15-1, and BS1-2 and PC3-3. The dendrogram revealed that only a few South American populations with the same country origin formed subclusters, and no populations from South America fell into a subcluster containing Japanese rust samples. The 59 P. pachyrhizi populations from the three countries were scattered through the dendrogram, and no geographical association with the pathogenicity was evident by the cluster analysis. In addition, there was no tight association between the pathogenicity and the sampling season of South American populations. Thus, diversity of the pathogenicity was apparent in 59 South American soybean rust populations, and the South American populations were not closely related to the Japanese samples used in this study.
Reactions of the soybean differentials to P. pachyrhizi from South America Three Rpp1-carrying differentials, PI 200492 (differential 1), PI 368039 (differential 2), and PI 587886 (differential 11) produced a resistant reaction to only a few P. pachyrhizi populations (1.8-14 %) from the three countries. In contrast, PI 587880A (differential 10), which likely possesses a different Rpp1 allele from those of the other three Rpp1-carrying differentials, had the highest level of resistance to the rust populations among the Rpp-carrying differentials. Resistant reaction in PI 230970 (differential 3) and PI 417125 (differential 4) both carrying Rpp2, and PI 462312 (differential 5) carrying Rpp3 was caused by 24, 28, and 22 % of the South American populations, respectively. Differential responses to some rust populations were displayed among the four Rpp1-encoding differentials and between two Rpp2 differentials (Tables 4, 5, 6). PI 459025 (differential 6) and Shiranui (differential 7) with Rpp4 and Rpp5, respectively, were more effective to the rust populations from the three countries than the Rpp1-Rpp3-carrying differentials except for PI 587880A. Although the presence of Rpp resistance gene(s) in PI 416764 (differential 8), PI 587855 (differential 9), PI 587905 (differential 12), and PI 594767 (differential 13) is unknown, resistance levels varied among these differentials (Tables 4, 5, 6). These Rpp-unknown differentials except for PI 416764 showed a resistant reaction to 78-96 % of all populations. BRS 154 (differential 14), TK5 (differential 15), and Wayne (differential 16) displayed a susceptible or intermediate reaction to most of the rust populations from the three countries, but a resistant reaction to some other populations (Tables 5, 6 ). The two differentials were not appropriate as susceptible checks but would be useful to identify pathogenic variants in South American P. pachyrhizi; only BRS 154 is useful as a susceptible check for the evaluation system.
Discussion
In this study, we presented the first comparative analysis of soybean rust pathogenicity in three South American countries: Argentina, Brazil, and Paraguay. To understand Infection types were classified into three categories defined in Table 3 : R, IM, and S; ND: not determined because of preparation failure pathogenic variation of P. pachyrhizi in South America, we developed an evaluation system for resistance to soybean rust and used it for all rust samples. Comparison of the pathogenicity profiles of 59 rust populations from the three countries revealed substantial pathogenic variation in the P. pachyrhizi populations infecting soybean in South America. In addition to the geographical variation of the pathogens in the three countries, pathogenicity of rust populations with the same geographical origin varied among the three cropping seasons (2007/2008-2009/2010) . Of the 16 differentials, PI 587880A (Rpp1), Shiranui (Rpp5), and three Rpp-unknown PIs displayed high levels of resistance to the rust populations. This study provides important information about the compositions of the P. pachyrhizi populations present in Argentina, Brazil, and Paraguay, which threaten the soybean industry worldwide.
An evaluation system for disease resistance is important for assessing pathogenicity and/or virulence in the causal pathogen populations. We developed a common evaluation system for resistance to soybean rust from three South American countries on the basis of the method of Yamanaka et al. (2010) . Resistance to soybean rust was evaluated primarily by qualitative measures such as lesion appearance and color (Bromfield 1984; Burdon and Speer 1984; Yeh 1983) . We used the presence or absence of lesions on the inoculated plants as one of the evaluation parameters, because the lesion color rating is most likely to be influenced by environmental factors (Yamanaka et al. 2010) and subjective evaluation by investigators. Four characters related to disease resistance, NoU, frequency of lesions with uredinia, frequency of open uredinia, and SL, were significantly correlated with one another (Yamanaka et al. 2010) ; therefore, only NoU and SL were included in our system. Such quantitative evaluation parameters are necessary to score an intermediate reaction that is difficult to be classified into either RB or TAN types (Bonde et al. 2006) and have been used to determine soybean susceptibility/resistance to the rust (Bonde et al. 2006; Miles et al. 2011; Pham et al. 2009; Yamaoka et al. 2002) . The evaluation system consisting of the three parameters has been useful to simultaneously compare data from Argentina, Brazil, and Paraguay and may be applicable to P. pachyrhizi populations beyond these countries. For further clarifying the pathogenicity and/or virulence of South American populations, the establishment of an evaluation system for pathogen virulence solely using quantitative measures such as the NoU per unit leaf tissue and the addition of differentials carrying newly identified Rpp genes such as Rpp6 to the existing differential set will be required (Li et al. 2012; ). Construction of isogenic lines for each of the Rpp genes or alleles, followed by their use as host differentials may minimize effects due to variation in the genetic background of the differential set, leading to the development of a more robust evaluation system for soybean rust resistance.
In 59 P. pachyrhizi populations collected in Argentina, Brazil, and Paraguay, only two pairs of the rust populations showed identical pathogenicity profiles in the 16 differentials. Pathogenic variation of South American populations was detected within each country and among countries, as shown in several other studies (Bonde et al. 2006; Pham et al. 2009; Twizeyimana and Hartman 2012; Yamaoka et al. 2002) . Although some combinations of the rust populations showed similar reaction patterns in the differentials, the complex composition of the pathogen populations was apparent in the three countries. Kato and Yorinori (2008) suggested a high level of pathogenic variation in soybean rust of Brazil, which is consistent with our results that all 24 Brazilian populations differed in pathogenicity. In South America, there was no correlation of P. pachyrhizi pathogenicity with the geographical origin of the populations. Likewise, Pham et al. (2009) found no association between pathogenicity and geographical origins of the rust isolates used. This study also demonstrated pathogenic variation of the P. pachyrhizi populations with the same geographical origin but different temporal origins. Yorinori (2008) noted that the P. pachyrhizi population structure in Brazil had changed within a few years after the first occurrence of the disease, and the new pathogen population was highly virulent to germplasm carrying Rpp genes. During the three seasons of this study, such temporal changes in pathogenicity of the rust populations to the Rpp-harboring differentials occurred in Argentina, Brazil, and Paraguay. Paraguayan populations in the 2007/2008 season induced susceptible reactions in 4-6 differentials carrying the Rpp1-Rpp4 genes, which had been effective in the country in the 2001/2002 season (Yorinori 2008) . In this study, we analyzed pathogenicity of P. pachyrhizi populations from the three South American countries in the 2007/2008-2009/2010 seasons, which provides a useful data set sufficient for comparing pathogenicity data from future monitoring of the pathogen populations.
The pathogenic variation of the P. pachyrhizi populations detected in this study probably reflects the diversity of the pathogen races or pathotypes in South America. Unlike highly specialized rust fungi, P. pachyrhizi can infect a broad range of leguminous plants (Goellner et al. 2010; Ono et al. 1992; Slaminko et al. 2008) . pointed to a diversification in the pathogen population in response to the diversity in the host population in a soybean agroecosystem of Nigeria. Vittal et al. (2012) provided evidence of hyphal anastomosis followed by nuclear migration in P. pachyrhizi, suggesting that a parasexual cycle may be important for the development of genetic diversity in virulence. In South America, a Infection types were classified into three categories defined in Table 3 : R, IM, and S continent dominated by tropical and subtropical climatic zones with no severe winter, host plant connectivity by the co-occurrence of soybean and alternative hosts would contribute to maintain the fungal life cycle, and in combination with the genetic variability, it might play an important role in fostering the pathogenic diversity of P. pachyrhizi. This study revealed that Rpp1-Rpp4 genes have performed poorly against recent P. pachyrhizi populations in Argentina, Brazil, and Paraguay. In the four Rpp1-carrying differentials, the responses of PI 587880A to the rust populations differed highly from the other three differentials (PI 200492, PI 368039, and PI 587886) , and the result supports the finding of Ray et al. (2009) that PI 587880A harbors a different allele of Rpp1 from PI 200492. The responses to some rust populations also differed among the other three Rpp1 differentials and between two Rpp2 differentials, which may indicate that these differentials carry a different allele of Rpp1 or Rpp2, like Rpp1c? in PI 587886 (Li et al. 2012; Ray et al. 2009 ) or an additional resistance gene (McLean and Byth 1980) . Yamanaka et al. (2010) noted that among the five Rpp genes, only Rpp4 and Rpp5 will be useful in breeding soybean rust resistant cultivars in Brazil. In contrast, Rpp1, Rpp2, and Rpp3 were more effective to P. pachyrhizi isolates collected in the United States in 2006-2009 than Rpp4 and Rpp5 (Twizeyimana and Hartman 2012) . We demonstrated that Shiranui carrying Rpp5 and four additional PIs (PI 587855, PI 587880A carrying Rpp1, PI 587905, and PI 594767A) were highly resistant in the three countries. Rpp-unknown soybean lines expressing a high level of soybean rust resistance have been reported (Li 2009; Miles et al. 2006; Paul and Hartman 2009; Yamanaka et al. 2010) , and recently Rpp6 has been identified in one of the lines, PI 567102B (Li et al. 2012) . Because the number of resistant resources in the pathosystem is limited, compared with the pathogenic differentiation of P. pachyrhizi, the highly resistant Rpp-unknown differentials identified in this study will become useful sources for breeding new resistant cultivars in South America. Soybean rust control using single Rpp genes may not be sustainable in these countries; therefore, pyramiding multiple Rpp genes into a cultivar and using incomplete or partial resistance may assist in developing cultivars with more longer lasting resistance.
